INTRODUCTION 2000
). These results demonstrate that subclinical BRD cases often go undetected when diagnosis is dependent on visual observations of clinical symptoms. Therefore, there is a critical need to develop animal-health monitoring systems capable of accurate preclinical detection of morbidity to enhance efficacy of antimicrobial therapy and mitigate the economic impact of BRD. Altered behavioral patterns associated with feeding activities are among the earliest indicators of the onset of clinical illness expressed in cattle (Sowell et al., 1999; Daniels et al., 2000) . Furthermore, increases in core body temperature in response to infectious disease are known to be associated with reduced appetite (Hart, 1988) . Prior research has shown that steers with clinical symptoms of BRD spent 30% less time at the feed bunk than healthy steers (Sowell et al., 1999) . Heifers experimentally challenged with Mannheimia haemolytica spent less time at the feed bunk and in close proximity to the hay feeder and more time lying down compared with nonchallenged control heifers (Theurer et al., 2013) . The objective of this study was to characterize time-series patterns in behavioral parameters associated with DMI and feeding behavior patterns relative to the onset of clinical symptoms of illness in beef cattle.
MATERIALS AND METHODS

Animals and Experimental Design
All animal care and use procedures were in accordance with the guidelines for use of Animals in Agricultural Teaching and Research as approved by the Texas A&M University Institutional Animal Care and Use Committee. Growing purebred bulls (n = 231) consigned from independent producers for the purpose of evaluating performance and feeding efficiency were used in this study. The mean initial BW of the bulls was 391 kg (SD 55), and initial ages were approximately 8 to 9 mo. Although all bulls were previously vaccinated against viral and bacterial pathogens using various vaccine products, all bulls were revaccinated on arrival at the test facility for infectious bovine rhinotracheitis, parainfluenza-3 virus, bovine viral diarrhea, and bovine respiratory syncytial virus (Pyramid 5; Boehringer Ingelheim, Ridgefield, CT) and Haemophilus somnus, Pasteurella multocida, and clostridial diseases (Ultrabac7; Zoetis Animal Health, Florham Park, NJ) and treated for internal parasites (Valbazen; Zoetis Animal Health). Bulls were fitted with passive electronic identification (eID) ear tags (Half duplex; Allflex USA Inc., Dallas, TX) and adapted to the test diet (Table 1) for 28 d before the start of a 70-d study.
The bulls were housed in 1 of 9 pens (18.3 by 36.6 m) each equipped with 4 electronic feed bunks (GrowSafe Systems Ltd., Airdrie, AB, Canada) to measure daily feed intake and feeding behavior traits (6 to 7 bulls assigned per electronic feed bunk). The GrowSafe system consisted of feed bunks equipped with load bars to measure feed disappearance and an antenna located within each feed bunk to record animal presence via detection of EID ear tags. Assigned feed disappearance (AFD) rates were computed daily for each feed bunk to assess data quality. During the first 50 d of feed intake data collected for this trial, the mean AFD rates exceeded 99%. Therefore, no data were deleted due to system malfunction, power outage, or low AFD rates. Feeding behavior traits evaluated in this study were based on frequency and duration of bunk visit (Bv) events, duration of nonfeeding intervals (nFI), headdown (HD) duration, and time to approach feed bunk following feed-truck delivery (ttB; Table 2 ). All feed intake and feeding behavior data were found to be normally distributed. A BV event commenced when the EID ear tag of an animal was first detected at a feed bunk and ended when the time between the last 2 consecutive EID recordings exceeded 100 s (parameter setting in the GrowSafe 6000E software [GrowSafe Systems Ltd.]), the EID ear tag was detected at another feed bunk, or the EID ear tag of another animal was detected at the same feed bunk (Mendes et al., 2011) . Bunk visit frequency was defined as the number of independent events recorded regardless of whether or not feed was consumed, and BV duration was defined as the sum of the lengths of all BV events recorded during a 24-h period. The interval lengths between BV events were defined as NFI. The maximal NFI was defined as the longest NFI, and NFI SD was defined as the SD of all NFI within each day. Head-down duration was computed as the sum of the number of times the EID ear tag for an animal was detected each day multiplied by the scan rate of the GrowSafe system (1.0 s). Using the R statistical software (R Core Team, 2014), TTB was computed daily as the interval length between time of feed-truck delivery within pen and each animal's first BV event following feed delivery. Feed intake was allocated to individual animals based on continuous recordings of feed disappearance during each BV event.
A subroutine of the GrowSafe 6000E software (Process Feed Intakes) was used to compute daily feed intake. For this study, feeding rate was computed as the ratio of daily DMI to daily BV duration. During the 70-d trial, bulls were evaluated at least twice daily for clinical signs of illness and weighed at 14-d intervals. Growth rates of individual bulls were computed by linear regression of BW on day of trial using the PROC GLM procedure of SAS (SAS Inst. Inc., Cary, NC), and regression coefficients were used to compute ADG and initial BW. Diet samples were collected weekly and composited by weight at the end of the trial for chemical analysis (Cumberland Valley Analytical Services Inc., Hagerstown, MD).
Experimental Cohorts. Within a 10-d period beginning on Day 28 of the trial, 30 bulls were treated for clinical symptoms associated with BRD. Thereafter, in response to reductions in DMI, feedlot personnel administered metaphylactic therapy (tulathromycin; Draxxin; Zoetis Animal Health) to all remaining bulls (n = 201) on Day 38 of the trial.
To examine deviations in DMI and feeding behavior relative to onset of clinical symptoms of disease, the bulls in this study were separated into 2 cohorts. The clinically ill cohort (n = 30) consisted of the bulls that were identified as being morbid by feedlot personnel based on observed clinical symptoms from Day 28 to 38 of the study. The bulls in this cohort exhibited variable clinical symptoms associated with BRD including nasal discharge, lethargy, and/or anorexia. All bulls in this cohort had elevated (>39.5°C) rectal temperatures (mean = 40.5°C [SD 0.5], range 39.7 to 42.1°C) during physical examination, and were administered antimicrobial therapy (enrofloxacin; Baytril 100; Bayer Health Care LLC, Shawnee Mission, KS) and returned to their respective pens. The metaphylactic-treated cohort (n = 201) consisted of the remaining bulls that were subsequently administered tulathromycin on Day 38 of the study.
Statistical Analysis
For each animal, daily average and 3-d rolling average data were computed for DMI, feeding rate, BV duration and frequency, HD duration, TTB, maximal NFI, and NFI SD relative to the day of individual-animal treatment for clinical illness (Day 28 to 38) in the clinically ill cohort and relative to day of tulathromycin administration (Day 38) in the metaphylactic-treated cohort. The 3-d rolling average was computed for each trait as the sequential average of the day of trial and the days preceding and following each trial day. The 3-d rolling average data were evaluated to determine if reductions in day-today variance would improve model fitness while retaining adequate specificity to detect deviations in feeding behavior traits relative to onset of clinical illness. Before fitting the regression models, data were first plotted to visually identify the day of trial associated with the nadir or apex response of each dependent variable. The regression models were fit to the data inclusive from the beginning of the trial to the visually identified nadir or apex to evaluate time-series deviations in each dependent variable relative to day of morbidity detection in the clinically ill cohort or the day of tulathromycin administration in the metaphylactic-treated cohort. Daily average and 3-d rolling average data for DMI and feeding behavior traits were analyzed with a 2-slope broken-line regression model using the PROC NLIN procedure of SAS as described by Coma et al. (1995) :
in which L is the ordinate, R is the abscissa of the inflection in the curve, U is the linear slope of the line for X < R, V is the linear slope of the line for X > R, X LR = a value of X less than R, and X GR = a value of X greater than R. The inflection point (R) or breakpoint was used to identify time-specific deviations in DMI or individ- 
RESULTS
The DMI and performance data of the bulls in the clinically ill and metaphylactic-treated cohorts were within expected ranges, given their age and the experimental diet fed during the study (Lancaster et al., 2009; Hafla et al., 2012 [SD 55.9 ], respectively). Mean TTB was 84.4 (SD 115.6) and 73.6 min (SD 103.3) for the clinically ill and metaphylactic-treated cohorts, respectively. The mean maximal NFI and NFI SD were 416.7 (SD 79.1) and 96.9 min (SD 20.7), respectively, for the clinically ill cohort and 397.2 (SD 52.6) and 89.0 min (SD 13.3), respectively, for the metaphylactic-treated cohort.
Clinically Ill Cohort
Results from the 2-slope broken-line regression analysis of the clinically ill cohort are presented in Table 3 for the daily and 3-d rolling average data. Analysis of daily average data for DMI revealed a breakpoint 6.79 d before when clinical illness was observed, with slopes for DMI being 0.05 and -0.62 kg/d before and after the detected breakpoint, respectively (R 2 = 0.94). The DMI decreased 39.3% from the detected breakpoint to the day clinical illness was observed in the clinically ill cohort (Fig. 1A) . The breakpoint for feeding rate was not detected until 1.32 d before clinical observation (R 2 = 0.94). The rate of change in feeding rate was 0.7 g/min before the breakpoint and increased to 122.4 g/min following the breakpoint.
The detected breakpoints for BV duration and frequency were 7.24 and 7.58 d, respectively, before clinical symptoms were observed, which were 0.45 and 0.79 d, respectively, before the respective DMI breakpoints. The breakpoint for HD duration was 6.26 d before clinical observation of illness but occurred 0.53 d following the DMI breakpoint. For all 3 of these feeding behavior traits, the linear slopes were essentially 0 before the respective was poor, demonstrating that this feeding behavior trait was an ineffective biomarker for prediction of clinically illness in this study. In contrast, the model accuracy for NFI SD was higher (R 2 = 0.87); however, the detected breakpoint for NFI SD occurred 4.7 d after clinical detection of illness was observed.
Results from the analysis of 3-d rolling average data for DMI were similar to that based on analysis of daily average data. The breakpoint was detected 6.71 d before clinical observation of illness, which was 0.08 d later compared with analysis of daily average data. Moreover, the slope changes in DMI before and after the breakpoints and model accuracies (R 2 = 0.97 vs. 0.94) were similar for daily and 3-d rolling average DMI analyses. Likewise, model accuracies were similar (R 2 = 0.96 vs. R 2 = 0.91) for 3-d rolling and daily average analyses of feeding rate. The breakpoint for feeding rate was detected earlier (-1.32 vs. -2.88 d) and the rate of increase in feeding rate following the breakpoint was less (122.4 vs. 80.2 g • min −1 • d −1 ) based on analysis of 3-d rolling average data compared with daily average data, respectively.
Accuracy of models applied to the feeding behavior traits (BV duration and frequency and HD duration) were slightly improved when 3-d rolling average data were analyzed compared with daily average data. Breakpoints were detected 6.61 and 0.95 d earlier for BV frequency and HD duration, respectively, when 3-d rolling average data rather than daily average data were used for the analysis, whereas the breakpoint for BV duration was detected 1.9 d later when 3-d rolling average data were analyzed. The change in slopes of these feeding behavior traits before and following the breakpoints detected by the broken-line regression models were minimally affected by choice of data used for analysis.
The breakpoint for TTB occurred 1.72 d earlier based on analysis of 3-d rolling average compared with analysis of daily average data, although model accuracy was slightly lower (R 2 = 0.46 vs. R 2 = 0.52). Regardless of choice of data used for the analysis, TTB increased following the breakpoint, indicating that bulls took longer to approach the feed bunks following feed-truck delivery during the 1 to 3 d before observed clinical symptoms. Use of 3-d rolling average data did not improve model accuracy of maximal NFI for breakpoint detection of clinical illness. Divergent results were found when 3-d rolling average data was used to analyze NFI SD. The breakpoint for NFI SD occurred after observed clinical illness based on analysis of daily average data but 3.0 d before clinical illness based on 3-d rolling average data, although model accuracy was lower (R 2 = 0.87 vs. R 2 = 0.62). The daily variance in frequency of NFI increased following the detected breakpoint, regardless of choice of data used for the analysis.
Metaphylactic-Treated Cohort
The results from the 2-slope broken-line regression models for the daily and 3-d rolling average data are presented in Table 4 for the metaphylactic-treated cohort. Analysis of daily average data for DMI revealed a breakpoint 3.81 d before metaphylactic treatment, with the rate of change in DMI decreasing from 0.02 kg/d before the breakpoint to -1.51 kg/d follow- ing the breakpoint. Dry matter intake decreased 49.8% from the breakpoint to the day of metaphylactic therapy (Fig. 1B) . Contrary to what was observed in the clinically ill cohort, feeding rate was one of the earliest traits to be detected, with the breakpoint being detected 8.2 d before metaphylactic treatment. The rate of increase in feeding rate after the breakpoint was less in the metaphylactic-treated cohort compared with the clinically ill cohort (31.2 vs. 122.4 g • min −1 • d −1 ).
Based on analysis of daily average data, the breakpoint for BV frequency occurred 8.19 d before metaphylactic treatment and 4.38 d before the DMI breakpoint. The breakpoint for HD duration occurred 8.31 d before the day of metaphylactic treatment, which was 4.5 d before the DMI breakpoint. Bunk visit frequency and HD duration decreased following the breakpoints at rates of -5.79 events/d and -6.92 min/d, respectively. In contrast to results from the clinically ill cohort, a breakpoint for BV duration before metaphylactic treatment was not detected. The breakpoint for TTB (R 2 = 0.36) was detected 3.79 d before metaphylactic treatment, with TTB increasing at a rate of 16.9 min/d from the breakpoint until metaphylactic treatment. Although the model accuracy for maximal NFI was relatively high (R 2 = 0.73), the detected breakpoint was only 0.80 d before metaphylactic treatment. In contrast, the breakpoint for NFI SD occurred 11.6 d before metaphylactic treatment, but the model accuracy was low (R 2 = 0.24).
The results from broken-line regression analysis of 3-d rolling average data for DMI, feeding rate, BV frequency, HD duration, and NFI SD were comparable with results from the analysis of daily average data, although the accuracy of models tended to be higher based on analysis of 3-d rolling average data. In contrast, model accuracies for TTB and maximal NFI were lower based on analysis of 3-d rolling average data. Although the analysis of 3-d rolling average data for BV duration detected a breakpoint 5.91 d before metaphylactic treatment, the slope following the breakpoint did not differ from 0, indicating that this feeding behavior trait had limited value as a predictive biomarker for detection of clinical illness in the metaphylactic-treated cohort.
DISCUSSION
The objective of this study was to characterize changes in DMI and feeding behavior traits preceding the display of observed clinical symptoms of respiratory illness associated with BRD in growing bulls. Although diagnostic tests were not conducted to confirm the presence of pathogens associated with BRD in this study, the observed clinical symptoms combined with elevated rectal temperatures in the clinically ill cohort and the acute decline in feed intake observed in the metaphylactictreated cohort strongly indicated the occurrence of an acute outbreak of respiratory disease in these bulls. The ability to identify morbid cattle earlier in the disease process by objectively monitoring behavioral metrics would potentially improve the efficacy of antimicrobial therapy (Janzen et al., 1984; Ferran et al., 2011) and mitigate the economic impact of respiratory disease. Results from this study demonstrated that deviations in DMI and feeding behavior traits occurred well before clinical symptoms of respiratory illness were observed. Furthermore, breakpoints for several of the feeding behavior traits occurred before the breakpoint for DMI, indicating that deviations in behavioral patterns associated with feeding activities may be as sensitive for preclinical detection of morbidity as deviations in DMI.
Previous research has demonstrated that DMI is reduced in cattle experiencing acute health challenges (Gonzalez et al., 2008; Lukas et al., 2008) , which is often associated with febrile responses (Hart, 1988) . In agreement with prior studies, the bulls in this study experienced significant reductions in DMI 6 to 7 d before onset of observed clinical symptoms and 3 to 4 d before metaphylactic treatment. The differences in breakpoints for DMI detected between the 2 cohort groups can be explained in part by the fact that the animals in the clinically ill cohort were all standardized to the day clinical illness was detected, whereas the animals in the metaphylactic-treated cohort were all compared relative to the same trial day. On the day metaphylactic treatment was administered, bulls in the metaphylactictreated cohort were likely in variable stages of the disease process. In support of these results, Wolfger et al. (2015a) reported that an increase in feed intake per meal event as well as increases in the frequency and duration of meal events were associated with decreased hazard for developing BRD as soon as 7 d before observations of clinical symptoms, with highest prediction being between 5 and 1 d before observed clinical symptoms.
Other studies have examined feeding behavioral changes in feedlot cattle experiencing BRD-related morbidity events. In one such study, Sowell et al. (1999) concluded that animals experiencing BRD had reduced time spent at the feed bunk compared with untreated animals. Furthermore, they found that a smaller proportion of the clinically ill cattle were present at the feed bunk following feed-truck delivery compared with untreated cattle. Daniels et al. (2000) found that calves deemed to be morbid based on visual observations of clinical symptoms spent 38 to 42% less time at the feed bunk and had 30 to 36% fewer feeding bouts than nontreated calves. This is in agreement with the results from the current study, as the breakpoints for frequency and duration of BV events and HD duration were detected 6 to 7 d before observation of clinical symptoms in the clinically ill cohort and the linear slopes were negative following the respective breakpoints. Theurer et al. (2013) used triaxial triangulation devices (Ubisense, Denver, CO) to detect behavioral changes in heifers challenged with M. haemolytica. Calves inoculated with M. haemolytica spent less time near the grain bunk and hay feeder and spent more time lying down compared with noninoculated control calves. These findings support the observation from the current study that daily variance in daily NFI events (NFI SD) increased after the breakpoints in the clinically ill and metaphylactic-treated cohorts (3-d rolling average analysis), which likely reflects alterations in physical activity associated with clinical symptoms of disease. Quimby et al. (2001) used statistical process-control procedures to establish thresholds for detection of morbidity in high-risk calves, based on evaluation of individual-animal deviations in feed bunk attendance. They were able to objectively predict morbidity events 3 to 4 d before observational detection by skilled pen riders, with accuracy and positive-predictive values of 87 and 91%, respectively. More recently, Moya et al. (2015) used nonlinear data-mining analysis of feeding behavior data to develop pattern recognition based algorithms to predict morbidity events in beef cattle. When validated against a naïve group of calves, they were able to correctly predict the health status of highrisk calves with a model accuracy of 79.2%.
Deviations in feeding behavioral patterns relative to the onset of disease and metabolic disorders (e.g., metritis, ketosis) have also been examined in dairy cattle. Compared with nonmetritic cows, Urton et al. (2005) found that the duration of feeding events during the last 2 wk of gestation was 35% lower in cows subsequently diagnosed with metritis after calving. Likewise, dairy cows diagnosed with subclinical (Goldhawk et al., 2009) or clinical ketosis (Gonzalez et al., 2008 ) had lower DMI, fewer feeding bouts, and spent less time at the feed bunk the week before calving than healthy cows. These findings support the results from the clinically ill cohort, which revealed breakpoints for DMI and feeding behavior traits (except maximal NFI event) before clinical observation of symptoms associated with respiratory disease.
It was interesting to note that feeding rate (g/min) actually increased 1 to 3 d before observed clinical symptoms in the clinically ill cohort and 8 to 11 d before the day of treatment in the metaphylactic-treated cohort, which would indicate that the magnitude of decline in DMI was less than the reduction in BV duration before the onset of disease. This would suggest that bulls, before onset of illness, were attempting to minimize energy expenditures associated with ingesting feed by consuming feed at faster rates while concurrently minimizing physical activities associated with feed bunk attendance (Theurer et al., 2013) . In dairy cows, Gonzales et al. (2008) reported that DMI and du-ration of feeding decreased for an average of 8 d before diagnosis of acute lameness but that feeding rate actually increased as the reduction in duration of feeding time exceeded the reduction in DMI. Despite finding that DMI and duration of feeding both declined before the onset of metritis in dairy cows, Huzzey et al. (2007) found no differences in feeding rate between metritic and healthy cows.
The results from this study suggest that deviations in feeding behavior patterns preceding the display of clinical symptoms of illness in beef cattle may be useful in development of predictive algorithms for preclinical detection of BRD. Recent advancements in computing and sensor technologies have enabled the development of animal-health monitoring systems based on deviations in feeding behavior patterns (White et al., 2015; Wolfger et al., 2015b) . Further research is warranted to develop more accurate predictive algorithms based on deviations in feeding behavior patterns (Moya et al., 2015) with high sensitivity and specificity to enable early detection of infectious disease in cattle.
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